ABSTRACT Though much has been learned about the process of ovarian follicle maturation through studies of oogenesis in both vertebrate and invertebrate systems, less is known about how follicles form initially. In Drosophila, two somatic follicle stem cells (FSCs) in each ovariole give rise to all polar cells, stalk cells, and main body cells needed to form each follicle. We show that one daughter from each FSC founds most follicles but that cell type specification is independent of cell lineage, in contrast to previous claims of an early polar/stalk lineage restriction. Instead, key intercellular signals begin early and guide cell behavior. An initial Notch signal from germ cells is required for FSC daughters to migrate across the ovariole and on occasion to replace the opposite stem cell. Both anterior and posterior polar cells arise in region 2b at a time when $16 cells surround the cyst. Later, during budding, stalk cells and additional polar cells are specified in a process that frequently transfers posterior follicle cells onto the anterior surface of the next older follicle. These studies provide new insight into the mechanisms that underlie stem cell replacement and follicle formation during Drosophila oogenesis.
T HE Drosophila ovary is a highly favorable system for studying epithelial cell differentiation downstream from a stem cell (reviewed in Blanpain et al. 2007; Kirilly and Xie 2007) . New follicles consisting of 16 interconnected germ cells surrounded by an epithelial (follicle cell) monolayer are continuously produced during adult life and develop sequentially within ovarioles (reviewed in Spradling 1993) . Follicle formation begins in the germarium ( Figure 1A ), a structure at the tip of each ovariole that houses 2-3 germline stem cells (GSCs) and 2 follicle stem cells (FSCs) within stable niches (reviewed in Morrison and Spradling 2008) . Successive GSC daughters known as cystoblasts are enclosed by a thin covering of squamous escort cells and divide asymmetrically four times in sucession to produce 16-cell germline cysts, comprising 15 presumptive nurse cells and a presumptive oocyte (reviewed in de Cuevas et al. 1997) . At the junction between region 2a and region 2b, cysts are forced into single file as they encounter the FSCs, lose their escort cell covering, and begin to acquire a follicular layer. Follicle cells derived from both FSCs soon mold them into a ''lens shape'' characteristic of region 2b. Under the influence of continued somatic cell growth, cysts and their surrounding cells round up, enter region 3 (also known as stage 1), and bud from the germarium as new follicles that remain connected to their neighbors by short cellular stalks ( Figure 1B) .
A complex sequence of signaling and adhesive interactions between follicular and germline cells is required for follicle budding, oocyte development, and patterning (reviewed in Huynh and St. Johnston 2004) . However, the mechanisms orchestrating the initial association between follicle cells and cysts within the germarium are less well understood. While lineage analysis indicates the presence of two FSCs (Margolis and Spradling 1995; Nystul and Spradling 2007) , low fasciclin III (FasIII) expression has been claimed to specifically mark FSCs, leading to the conclusion that more FSCs are present under some conditions (Zhang and Kalderon 2001; Vied and Kalderon 2009) .
The differentiation of polar cells at both their anterior and posterior ends is required for normal follicle production (Ruohola et al. 1991; Larkin et al. 1996; Grammont and Irvine 2001) , and depends on Notch signals received from the germline (LopezSchier and St. Johnston 2001) . Subsequently, anterior polar cells send JAK-STAT and Notch signals that specify stalk cells (McGregor et al. 2002; Torres et al. 2003; Assa-Kunik et al. 2007) . While the source of these signals and their effects are clear, the timing of polar cell specification and its dependence on cell lineage are not. Some anterior and posterior polar cells (but not stalk cells) were inferred by lineage analysis to arise and cease division within region 2b (Margolis and Spradling 1995) . In contrast, on the basis of marker gene expression it was concluded that anterior polar cells are specified later, in stage 1, and posterior polar cells in stage 2 (Torres et al. 2003) . Up to four polar cells may eventually form, but apoptosis reduces their number to a single pair at each end by stage 5 (Besse and Pret 2003) . Moreover, polar and stalk are believed to arise exclusively from ''polar/stalk'' precursors that separate from the rest of the FSC lineage (Larkin et al. 1996; Tworoger et al. 1999; Besse and Pret 2003) and these cells were proposed to invade between the last region 2b cyst to affect follicle budding (Torres et al. 2003; Assa-Kunik et al. 2007 ).
Here we have analyzed the detailed behavior of FSCs and their daughters in the germarium. No evidence of polar/stalk precursors was observed, and we show that the first anterior and posterior polar cells are specified in region 2b, prior to the previously accepted time of follicle cell specialization. Additional polar cells are also formed later during stages 1 and 2. Follicle cell differentiation appears to be independent of cell lineage, but is orchestrated by sequential cell interactions, and in particular by Notch signaling. Our results reveal the sophisticated, self-correcting behavior of an epithelial stem cell lineage at close to single-cell resolution.
METHODS
Drosophila stocks: Drosophila stocks were maintained at 20-25°. The following stocks were used to generate mitotic clones: (Fortini et al., 1993) Identification of the insertion site in PZ02954 at coordinate 18298271 (R3) was determined by sequencing of an inverse PCR product generated using primers specific to the insertion as previously described (Bellen et al. 2004) .
Clonal analysis: Dividing cells were clonally labeled using one of three different methods to generate mitotic clones: b-gal 1 positive clones, MARCM, or GFP À negative clones (see above for the pairs of stocks used for each type). Standard crosses were set up between paired stocks and F 1 flies were maintained at 25°in bottles with fresh, wet yeast ($2 g dry yeast/3 ml water), changed daily for at least 2 days prior to heat shock. Mitotic clones were generated by heat-shocking the flies in a 37°water bath to induce FLP expression and allowing the flies to recover at 25°. Flies were given fresh wet yeast every day and tossed to new bottles every other day. Depending on the aim of the experiment, we varied both the severity of the heat-shock treatment and the length of the recovery. For analysis of the wild-type FSC lineage using the b-gal 1 clonal system we used a mild heat-shock treatment of 30 min and allowed the flies to recover at 25°for 3, 4, 5, 8, or 10 days post-heat shock (dphs). For Notch mutant analysis, we used a moderate heat-shock treatment of 1 hr and allowed the flies to recover at 25°for 5, 9, or 14 dphs. For Delta mutant analysis, we used a 1-hr heat-shock treatment and allowed the flies to recover for 4 dphs.
For lineage labeling we exposed flies to a mild heatshock protocol of 30 min at 37°. This resulted in an initial rate of 0.2 clones/follicle in stage 3 to stage 10 follicles at 3dphs and subsequent rates of 0.19 clones/ follicle and 0.09 clones/follicle at 5 and 8 dphs, respectively. At this low rate of clone induction, clones would be expected to occur together in the same follicle at most only 4% of the time (0.2 2 ). Furthermore, even when two clones do occur together in the same follicle, they are frequently in different parts of the follicle and thus do not touch each other. Therefore, under these experimental conditions, the chance that two independently induced clones will appear as a single clone derived from a common progenitor is very low.
Immunostaining and fluorescence microcopy: Ovaries were dissected and stained as described previously (Nystul and Spradling 2007) . Briefly, ovaries were dissected in 13 Grace's medium (Cambrex Bio Sciences), fixed in 4% paraformaldehyde fixation solution for 10 min, and blocked with 13 PBST 1 0.5% BSA. Primary and secondary antibodies were diluted in 13 PBST 1 0.5% BSA and samples were washed after each step in 13 PBST. The following primary antibodies were used: rabbit polyclonal anti-GFP, 1:5000 (Torrey Pines, no. TP-401); rabbit polyclonal anti-b-gal, preabsorbed against paraformaldehyde fixed yw ovaries, 1:2000 (Cappel, no. 55976); mouse monoclonal anti-Fasciclin III, 1:50 (Developmental Studies Hybridoma Bank, antibody 7G10); mouse monoclonal anti-slit (Developmental Studies Hybridoma Bank, antibody C555.6D); rabbit anti-vasa, 1:1000 (generated by Dianne Williams); and guinea pig anti-traffic jam, 1:1000 (generated by Lucy Morris). The following secondary antibodies were used: goat anti-mouse and goat anti-rabbit IgG conjugated to either Alexa 488 or Alexa 568, 1:1000, and goat anti-guinea pig IgG conjugated to Alexa 568 (Invitrogen, Carlsbad, CA). All images were taken by a Zeiss Axioimager Z1 equipped with an Apotome system. Serial reconstructions were performed using Zeiss Axiovision software. Intensity adjustments, rotations, and cropping of images were performed using Adobe Photoshop 7.0.
RESULTS
Cells derived from FSCs associate with cysts in a regular manner: An imprecise understanding of how follicle cells associate with cysts in the germarium has limited the study of ovarian follicular cells. We quantified the average number of follicle cells surrounding the two region 2b cysts, and a single region 3 cyst characteristic of the wild-type germaria was analyzed. By staining with markers specific for the somatic cells and germ cells ( Figure 1C ), we found that in 21 such germaria examined, an average of 9.8 (6 2.2) follicle cells cover anterior region 2b cysts, 18.6 (6 5.2) follicle cells cover posterior 2b cysts, which have begun to round and acquire more surface area, and 29.4 (6 4.5) cells cover region 3 cysts, which are fully rounded.
Next, we analyzed how marked clones associate with cysts. We generated clones (Harrison and Perrimon 1993) at a low frequency, so that each follicle would usually contain only 0 or 1 clone. This allows transient (i.e., nonstem cell) clones to be distinguished easily from stem cell clones and removes the ambiguity that two or more clones might contact each other and appear as a single clone. Prior to follicle formation, the cysts are so close together that marked follicle cells contact more than one cyst. Nonetheless, we observed that transient clones with $4 cells usually all contact the anterior region 2b cyst ( Figure 1D ), transient clones with $8 cells usually all adjoin the posterior region 2b cyst ( Figure 1E ), and transient clones with $16 cells usually all associate with the region 3 cyst ( Figure 1F ). The fact that a cyst's follicle cells can be half-labeled by an individual transient clone suggests that as a whole they derive from just two cellular precursors. To verify that the cells of these early clones maintain contact with a single cyst during subsequent development, we also examined older budded follicles.
Most cysts are encapsulated by the progeny of exactly two FSC daughters: Examining large clones on fully formed follicles confirmed that the early association of follicle cells with individual cysts was quite stable. Stem cell clones labeled 49% 6 11% of each follicle's cells on average (Table 1 ). The largest transient clones also frequently included $50% of a follicle's cells, as predicted if follicles are founded by a single daughter of two different FSCs. Seventy-seven percent of these putative FSC daughter clones (i.e., clones with about half as many cells as comparably aged follicles) were located on a single follicle. In an additional 18% of clones, .90% of the cells were on one follicle, but a few of the marked cells extended onto the anterior region of the next oldest follicle. The remaining 5% of clones were spread more equally between the posterior of one follicle and the anterior of the next (older) follicle. These results show that successive FSC daughter cells usually associate singly with successive follicles and generate half of their follicle cell layer with little spillover to the adjacent follicle. However, the atypical origin of the follicular layer on occasional follicles indicated that equal contributions from two FSC daughter progenitors are not necessary to construct a morphologically normal follicle.
FSCs preferentially contribute to the anterior or posterior of successive cysts: FSC daughters alternate between the production of a cross-migrating cell (cmc), which migrates across the anterior face of the first region 2b cyst, and a posterior-migrating cell (pmc), whose progeny migrate across the posterior face of the same cyst (Nystul and Spradling 2007) . If one FSC produces a cmc and one FSC produces a pmc as each cyst moves into region 2b, then follicles would be founded by one FSC daughter of each type. Table 1 ).
Every FSC clone examined included both the anterior-biased and the posterior-biased patterns, indicating that single FSCs produce both types of progenitors. Moreover, anterior and posterior biases tended to alternate. For example, 28 of the 36 follicles examined with posterior-biased cells were immediately followed in the ovariole by a follicle with anterior-biased cells. Conversely, 22 of the 37 follicles examined with anterior-biased cells were followed by follicles with posteriorbiased cells (x 2 ¼ 21.7, P , 0.001). Likewise, the labeling status of the anterior polar cells in one follicle frequently mirrored the labeling status of the posterior polar cells in the adjacent younger follicle (not shown). Taken together, these observations suggest a simple picture of how the two FSCs and their progeny associate with cysts in the germarium ( Figure 1G model) .
Interestingly, we also found that in ovarioles that had recently undergone an FSC loss event (as evidenced by a long chain of labeled follicles connected to a germarium with two unlabeled FSCs), the youngest labeled follicle cells were posterior biased 71% (P , 0.05, N ¼ 24) of the time (supporting information, Figure S1 ). Since the labeled cells in the most anterior follicle were probably derived from the former FSC itself following its ejection from the niche, this suggests that ejected FSCs typically do not cross-migrate, but move toward the posterior. Gene expression changes slowly in the early FSC lineage: Gene expression changes rapidly downstream from several characterized Drosophila stem cells, due either to factors that segregate asymmetrically during mitosis or to the location of daughters outside the niche Morrison and Spradling 2008) . Consequently, we looked for genes whose expression differed in FSCs and their daughters. Low expression of FasIII has been claimed to distinguish FSCs from the daughters and other early follicle cells (Zhang and Kalderon 2001; Vied and Kalderon 2009) . To test this, we examined FasIII expression in clonally marked FSCs and their progeny. We found that not only the FSCs, but also cmcs and a variable number of additional early cells near the region 2a/2b border exhibit low levels of FasIII expression (Figure 2 , C and C9, and Figure S2 ). This also confirms a previous report for enhancer trap PZ02954 (Margolis and Spradling 1995) , which is inserted in FasIII. Similar patterns were observed with other genes that are expressed strongly in later follicle cells. For example, GFP expressed from a protein trap insertion within IMP (Buszczak et al. 2007) was absent from FSCs and one to four immediate daughters, but was expressed subsequently in follicle cells surrounding the first region 2b cyst (Figure 2 , D and D9).
We also found several examples where only the FSCs and their early daughters expressed a particular gene. Slit was expressed in posterior escort cells, FSCs, and immediate daughter cells, but not in older germarial follicle cells (Figure 2 , E and E9). A similar tendency of escort cell genes to be expressed in the FSCs and first few downstream cells was also noted in the case of ptclacZ and PZ01444 (Forbes et al. 1996; Decotto and Spradling 2005; T. Nystul, unpublished data) . Thus, the onset of follicle cell gene expression takes place gradually over the course of several divisions, suggesting that the first few daughters briefly remain less differentiated and closer to the FSC state, particularly if they remain near the 2a/2b junction. A corollary of these observations is that neither FasIII nor any other currently known gene can be used as an FSC marker.
Downstream follicle cell fates are not specified by lineage: To look for lineage restrictions in the production of polar and stalk cells we induced clones at a low frequency and analyzed the cell types they contained in stage 9-10 follicles, which is a well-defined point in oogenesis after the cessation of follicle division at stage 6 (Table 2) . Because new follicles are continuously formed in the germarium and move through the ovariole in an ordered fashion, the first clones to reach stages 9 and 10 will be those that formed at the last follicle division (stage 6). These will also be the smallest clones because there were the fewest divisions between the point of clone induction and the final division in the lineage. Subsequent clones to arrive will be larger and correspond to earlier points in the lineage, and the latest to arrive will be the largest and correspond to the earliest points in the lineage.
Thus, if at some point in the FSC lineage, a lineage restricted polar/stalk precursor formed, we would expect that shortly after clone induction, when stage 9-10 clones derive from late in the follicle cell lineage, polar and stalk cells would be frequently found together in the same clone and these polar/stalk clones would rarely or never contain main-body follicle cells. At late time points, when clones derived from points in the lineage prior to the polar/stalk lineage restriction have arrived at stage 9-10, all three cell types may be together in the same clone, but individual clones should rarely contain polar cells without stalk cells or vice versa.
The results of this experiment were unambiguous (Table 2) . At the latest time point, 8 dphs, we observed clones containing all combinations of cell types and saw no significant association between polar and stalk cells. Nearly half of the clones we scored (48.7%) had polar cells or stalk cells, but not both, while only 24.3% contained both polar and stalk cells. The clone size at 8 dphs averaged 102.7 6 75.0 cells, which is about oneeighth of the follicle, indicating that these clones must have formed two to three divisions downstream from the FSC when eight cells are present on the first region 2b cyst. This strongly argues against the formation of a lineage-restricted polar/stalk precursor in the first two to three divisions downstream of the FSC.
Examining younger clones also failed to reveal evidence of a polar/stalk precursor. At 5 dphs, when clones averaged 35.2 6 32.5 cells or 1/24th of the follicle, corresponding to budding stage 1 follicles, polar or stalk cells were still found alongside main body cells far more frequently than with each other (Table 2 ; Figure 2 , F and G). Even at 3 dphs, when clones contained 10.9 6 8.6 cells indicating that they formed on follicles that had about the 64 cells (which corresponds to stage 2, a time when some polar and stalk cells have clearly been specified), clones containing follicle cells along with polar or stalk cells were more common than polar/stalk clones (Table 2) . Thus, few if any polar or stalk cells derive from a lineage-restricted polar/stalk precursor. Instead, our data indicate that these cells arise from lineage unrestricted progenitors, most likely in response to localized signals.
Notch signaling is required for lateral migration of FSC daughters: To investigate signals that might influence the cell fate decisions and differentiation of FSC daughters, we examined expression of a sensitive Notch reception reporter (Furriols and Bray 2001) in somatic cells within the undifferentiated region. We found that in 9.6% of Gbe Su(H)-lacZ germaria, a single cmc was lacZ positive ( Figure 3A ) and in 10.6%, a single FSC was LacZ positive. In 2.4%, both an FSC and a cmc were LacZ positive ( Figure 3B ). Interestingly, we also observed evidence of Notch signal reception by prefollicle cells downstream from the FSC daughters at times earlier than those predicted for polar cell induction (Torres et al. 2003) . These included individual cells near the anterior ( Figure 3C ) and posterior of the last region 2b cyst ( Figure 3D ) and at other sites. Reporter labeling at these sites probably represents true Notch signals because strong expression was also observed at known sites of Notch signaling including stage 6 follicle cells ( Figure 3E To investigate whether Notch signaling was important for the behavior of the cmc, we analyzed negatively marked and MARCM (Lee and Luo 2001) clones in which the level of Notch signaling was genetically perturbed ( Figure 4A ). Control negatively marked FSC clones were indistinguishable from wild type and contained a single cmc in the undifferentiated region $60% of the time ( Figure 4B ). The remaining 40% of clones contained no cross-migrating cells and instead the youngest FSC daughter was migrating toward the posterior. In contrast, negatively marked clones of N (55e11) rarely contained a cmc ( Figure 4C ). Similar reductions in the frequency of cmcs were observed when comparing wild-type ( Figure 4D ) to Notch dominant negative ( Figure 4E ) MARCM clones. In contrast, 90% of MARCM clones expressing activated Notch contained cmcs. Furthermore, these clones contained three to six cmcs in the undifferentiated region ( Figure  4F ), rather than one, as we typically saw in wild type.
Delta is expressed in the germline and activates Notch in the soma at several stages of oogenesis, including at early stages of follicle cell development (Lopez-Schier and St. Johnston 2001). To investigate whether germline Delta is also the ligand for the Notch signal received by cross-migrating FSC daughters, we examined the effect of removing Delta from cysts at various positions in the germarium ( Figure 4G ). The frequency of FSC daughter cell cross-migration was not affected when germ cells contained control clones (Figure 4 , H and H9) or lacked Delta in the last cysts in region 2a, which lie just anterior to the cmc (Figure 4, I and I9) . However, when the cyst immediately posterior to the migration path was mutant for Delta, the frequency of crossmigration was greatly reduced (Figure 4 , J and J9). These results indicate that Delta within the first region 2b cyst is needed to induce and/or maintain crossmigrating FSC daughters on its anterior surface.
Notch signaling is also required for FSC replacement: Previous studies indicated that the cmc produces a daughter cell that engages the opposite FSC and its niche and is capable of replacing it to become a functional FSC (Nystul and Spradling 2007) . We reasoned that since cross-migration behavior requires Notch signaling, interfering with that signal early in the FSC lineage would reduce FSC replacement. To test this possibility, we generated wild-type and N (55e11) mutant clones using a moderate heat shock, sufficient to mark a single FSC in 22% of wild-type ovarioles at 5 dphs ( Figure 5A ). Normal stem cell replacement in these wild-type ovarioles then caused the number of ovarioles with two labeled FSCs to increase, reaching 2.4% by 9 dphs and 5% by 14 dphs ( Figure 5B ). When the marked clones were mutant for N (55e11) , a very different result was observed. Although a similar number of ovarioles (19%) contained a single labeled FSC at 5 dphs, no ovarioles underwent replacement and became double labeled at either 9 or 14 dphs ( Figure 5, A and B) .
Studies of MARCM clones expressing a dominantnegative Notch transgene [N (DN) ] further supported these conclusions. Wild-type FSCs turned over significantly between 5 and 14 dphs ( Figure 5C ). Reducing Notch activity by expressing N (DN) in clones halted the turnover of these FSCs by stem cell replacement. These changes were reflected in the generation of ovarioles with two labeled FSCs. The number of ovarioles containing two marked FSCs increased from 1.8 to 9.8% between 5 dphs and 14 dphs in the case of wild-type cells, but increased only from 1.1 to 4.3% when FSCs expressed N (DN) ( Figure 5D ). These results strongly suggest that regulated Notch signaling is required for efficient interniche FSC replacement. Furthermore, reducing the level of Notch signaling in an FSC does not destabilize it and may actually make it resistant to replacement by a wild-type FSC. Polar cells are first specified early in follicle development: Polar and stalk cells exit the mitotic cycle soon after specification and eventually express specific markers such as elevated FasIII and enhancer trap A101 (in neuralized). We used two methods to clarify when polar cells are specified and stop dividing. First, we measured the time interval between polar cell induction and stage 9-10 (where clone scoring is most favorable). Clones induced at the 8-cell stage (8 dphs) contained few polar cell-only clones. However, by the 24-cell stage (5 dphs) many clones were observed that labeled a single anterior or posterior polar cell. Additional clones of this type arose at later stages including the 64-cell stage (3 dphs), indicating that polar cells are specified over a considerable period of time, spanning late region 2b through stage 2 ( Figure 6E ).
We next sought to refine this time interval, using an internal marker to correct for variations in cyst number and developmental rate within individual germaria. Rarely, postmitotic follicles (stages 6-14) contain both a polar cell-only and a noncontiguous follicle cell-only clone. Since the flies were heat-shocked only once, such clones must have arisen at approximately the same time. We observed many follicles containing both anterior and posterior polar cell clones whose partner clones covered one-eighth to one-sixteenth of the follicle (Figure 6, A and B) . Clones this size would have been induced in region 2b when only 8 or 16 cells were associated with the cyst ( Figure 1C ). Other anterior and posterior polar cell clones were partnered with smaller clones that correspond to the 32-or 64-cell stages, indicating polar cell induction in region 3 or at stage 2 ( Figure 6, C and D) . Thus, polar cell specification begins when the cysts are still in region 2b and continues during and after budding ( Figure 6F ).
DISCUSSION
Regular origin of follicular precursors: Our data provide a much clearer picture of the follicle stem cell lineage than was previously available (Figures 1F and 6G) . They suggest that key aspects of FSC regulation depend on mechanisms that move cysts into a single file and program the loss of their escort cells precisely as they encounter FSCs and enter region 2b. Contact with incoming region 2a cysts likely induces FSC divisions, ensuring that cysts acquire a daughter cell from each stem cell as they stretch out to span the width of the germarium at the region 2a/2b junction. The asymmetry in cyst organization exposes FSC daughter cells to different cyst faces and, therefore, potentially to different signals. The FSC and daughter located on the same side as the entering cyst are exposed to the posterior face of the cyst while it is still in region 2a, covered by escort cells. In contrast, the opposite FSC and daughter contact the anterior face of the cyst as it migrates into 2b, at a time when the cyst is shedding its escort cell layer and exposing the Delta signal on the germ cell surface (Figures 1G and 6G ). Since region 2a cysts tend to interdigitate in forming a single file, cyst entry will usually alternate sides as successive cysts pass, causing FSC daughters arising from the same side to alternate migration paths. An advantage to this system may be its flexibility, allowing follicles to form normally even if multiple cysts enter from the same side in succession.
Notch signaling in early FSC daughters promotes a ''prefollicle'' state by blocking follicle cell differentiation (Larkin et al. 1996; Tworoger et al. 1999) . Consistent with this, we observed that FSCs and their early daughters have much lower levels of differentiation markers such as FasIII and IMP-GFP (Figure 2 , C and D, and Figure S2 ). This developmental delay may prevent prefollicle cells from immediately incorporating into the differentiated follicular epithelium, allowing them to instead retain a more mesenchymal character conducive to cross-migration, and may also contribute to their ability to compete with the resident FSC for niche occupancy. Notch mutant daughters did not replace wild-type FSCs, most likely because they were unable to migrate into proximity. A role for Notch in suppressing differentiation downstream from the FSC might also explain why cells expressing activated Notch failed to migrate posteriorly.
Follicle cell fates are specified by intercellular signals rather than lineage: The two FSC daughters and their descendants, with few exceptions, continue to associate with the cyst they first contact at the 2a/2b boundary throughout subsequent development. Their division rate increases briefly, because daughters divide four times in the time it takes to generate three new cysts. Despite their growing number, however, all the cells retain the ability to produce main body, stalk, and polar cells for at least the first two to three divisions (8-to 16-cell stage) . In contrast to previous reports Besse and Pret 2003) , we found no evidence that polar and stalk cells derive from a lineage-restricted polar/stalk precursor population. Claims of a polar/ stalk fate were based on experiments using higher rates of clone induction than in the experiments reported here. While many clones were also observed in these studies that contained both polar and follicle cells or both stalk and follicle cells, they were discounted as double clones.
By examining clones induced at low frequency (more than threefold lower than in previous studies) we were able to minimize the need for statistical correction for double clones. Furthermore, by studying clones induced at multiple times downstream from the FSC, we avoided overweighting small clones induced just as the polar and stalk cell fates are being determined by signaling within small cell groups, which has the effect of increasing the proportion of clones containing only one or two cell types even in the absence of any lineage restriction. At early, intermediate, and late times in somatic cell development in the germarium, we always observed clones that included all combinations of cell fates, indicating that follicle cells are multipotent prior to polar or stalk specification. This fits well with recent studies showing that many additional cells in the germarium can be induced to take on a polar cell fate by strong Notch signaling, while high levels of JAK-STAT signaling can induce more stalk cells (Assa-Kunik et al. 2007) . In contrast, no mechanism, time, or location where putative polar/stalk precursor cells are specified has ever been documented. Previous models also did not explain how these cells would preferentially arrive in the zone of cells separating regions 2b and 3 (Torres et al. 2003) or what would become of the many extra cells that can sometimes be found in this region beyond the number needed for these fates.
Follicle cell specialization begins earlier than previously supposed: Our finding that polar cells are initially specified in region 2b suggests that more spatial information is available within region 2b follicles than has been detected in earlier experiments. We find that the first anterior and posterior polar cells are specified when cysts are associated with 8-to 16-cell follicle cells, in mid-to-late region 2b. This agrees closely with previous studies (Margolis and Spradling 1995; Besse and Pret 2003) , which found that polar cells were first specified at the 14-cell stage. The early polar cells are detected by lineage because they cease dividing; however, no gene expression markers specific for these cells have been identified. Consequently, it remains uncertain where they are located at the time of induction or whether they function while remaining in region 2b. Since we observed evidence of Notch signal reception within individual follicle cells located at the anterior and posterior regions of stage 2b cysts, the simplest model is that these polar cells are induced by Delta signaling from the germline in a normal anterior/ posterior (A/P) orientation. Although we did not detect Upd expression at this time, these cells may nonetheless signal to the surrounding somatic cells to establish the graded levels of cadherin that define the initial anterior/posterior axis of the cyst (Godt and Tepass 1998; Gonzalez-Reyes and St. Johnston 1998) .
Where does the information come from that allows a small number of polar cells to be specified at this time? One possibility is a ''signal relay'' from more posterior follicles (Torres et al. 2003; Assa-Kunik et al. 2007) . Highly accurate timing of polar cell formation relative to the signaling events during follicle budding might help to further test this model. However, our observation of localized Notch signal reception and polar cell specification in region 2b follicles suggests that the germline at this stage is already sufficiently polarized to signal in a limited manner along the future A/P axis. Some of this information may come from the inherent asymmetry within the germline cyst whose cells differ systematically in their fusome content, organelle content, and microtubule organization. The future oocyte and its sister four-ring canal cell are always located in the center of the region 2b cysts and hence might be one source for this inductive signal (Gonzalez-Reyes and St. Johnston 1998). Alternatively, there may be additional differences within this region of the germarium that have yet to be detected and that may contribute.
Additional polar and stalk cells are signaled during budding: Our studies confirm previous conclusions that additional polar cells are formed during the process of budding (Besse and Pret 2003; Torres et al. 2003) and provide new insight into the budding process itself. Anterior-biased clones were almost always confined to a single follicle, but a significant fraction of posteriorbiased clones ($33%) extended onto the next older follicle where they encompassed both an anterior polar cell and 2-30 anterior follicle cells (Table 1, Homeostatic developmental strategy of an epithelial stem cell lineage: Our study of early follicle cell development provides a rare opportunity to analyze how epithelial cells behave downstream from a stem cell. Most characterized Drosophila stem cell daughters receive information asymmetrically from their mother stem cell and differentiate rapidly. Germline stem cells and their niches ensure that cystoblasts receive an asymmetric fusome segment as well as differential environmental signals that program exactly four stereotyped divisions prior to entering meiosis (de Cuevas et al. 1997) . Under nonstressed conditions, intestinal stem cells utilize Notch signals to specify their daughters as either enterocytes or enteroendocrine cells and to terminate subsequent division (Ohlstein and Spradling 2007) . Neuroblasts program a stereotyped sequence of daughter cell fates by differential division and signaling (Doe 2008) . In contrast, FSC daughters undergo eight to nine divisions and differentiate independently of lineage over the course of several divisions and are capable of producing normal follicles even when the usual pattern of cellular interactions is altered. The increased resolution of follicle cell behavior afforded by these studies provides a valuable opportunity to study how epithelial cells are able to robustly bring about defined outcomes in the absence of the precise early programming.
Several mechanisms are likely to contribute to successful follicle formation. First, we documented that genes characteristic of a polarized epithelium turn on slowly downstream of the FSC. The cmc and several other cells frequently lacked such gene expression, but instead expressed genes characteristic of escort cells, suggesting that follicles are able to maintain some germline-soma interactions while completely replacing their somatic coverings. The early differentiation of polar cells may help guide subsequent cell behavior. In conjunction with the intrinsic asymmetric structure of germline cysts, differential adhesive interactions between germ and somatic cells across the follicle, differential pressures resulting from cell growth, and the resistive forces of the ovariolar wall, signals from these cells may be sufficient to ensure that the oocyte moves to the posterior and that cysts begin to round.
These characteristics of the FSC lineage, although unique among well-studied stem cells in Drosophila, may be closer to those governing the epithelial lineages within many mammalian tissues (Haegebarth and Clevers 2009 ). Thus, the mechanisms that give FSCs and their daughters their developmental flexibility and robustness are likely to be both widespread and medically relevant. 
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